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Abstract: The firing and co-firing of biomass in pulverized coal fired power plants around the
world is expected to increase in the coming years. Torrefaction may prove to be a suitable way
of upgrading biomass for such an application. For transport and storage purposes, the torrefied
biomass will tend to be in pellet form. Whilst standard methods for the assessment of the milling
characteristics of coal exist, this is not the case for torrefied materials—whether in pellet form or not.
The grindability of the fuel directly impacts the overall efficiency of the combustion process and as
such it is an important parameter. In the present study, the grindability of different torrefied biomass
pellets was tested in three different laboratory mill types; cutting mill (CM), hammer mill (HM) and
impact mill (IM). The specific grinding energy (SGE) required for a defined mass throughput of
pellets in each mill was measured and results were compared to other pellet characterization methods
(e.g., durability, and hardness) as well as the modified Hardgrove Index. Seven different torrefied
biomass pellets including willow, pine, beech, poplar, spruce, forest residue and straw were used as
feedstock. On average, the particle-size distribution width (across all feedstock) was narrowest for
the IM (0.41 mm), followed by the HM (0.51 mm) and widest for the CM (0.62 mm). Regarding the
SGE, the IM consumed on average 8.23 Wh/kg while CM and HM consumed 5.15 and 5.24 Wh/kg,
respectively. From the three mills compared in this study, the IM seems better fit for being used in
a standardized method that could be developed in the future, e.g., as an ISO standard.
Keywords: grindability; torrefied biomass; pellet; energy consumption; co-firing
1. Introduction
Over the past few years there has been a significant effort worldwide to increase the utilization
of renewable energy sources for electricity and heat production. The European Union Renewables
Directive, for example, set a target of 20% of the energy consumption of the European Union to be from
renewable sources by 2020 [1] and current decarburization scenarios point at 30% by 2030 and at least
55% by 2050 [2]. In this context, the firing of biomass and the co-firing of biomass with coal in power
plants originally designed for coal play a significant role. This approach to the generation of renewable
energy has been demonstrated in more than 200 power plants over the recent years taking advantage
of the infrastructure already in place within the electricity supply industry, and the associated low
capital investment requirements [3].
Besides the expected reduction in both NOx and SOx levels, there are still some difficulties in
using raw biomass for co-firing with coal [4]. Amongst the biggest challenges are the diverse chemical
and physical properties of biomass that need to be addressed. The ash content as well as volatiles and
oxygen content can be higher in biomass than in coal resulting in lower gross calorific value of the
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fuel [5]. Additionally, problems may occur if feeding and milling is not adapted. The particle size
distribution of ground biomass is different from coal and particles may be considerably larger leading
to lower burn-out efficiencies [6]. Overall, co-firing with regular biomass may lead to instability of the
combustion process making biomass with coal-like properties the most desirable co-firing fuel.
One intensively researched approach for upgrading regular biomass for co-firing with coal is the
thermo-chemical pre-treatment best known as torrefaction. At temperatures in the range of 250–300 ◦C,
and in the absence of air, the biomass undergoes a mild form of pyrolysis and is converted into a solid
fuel with chemical and mechanical properties similar to coal [7]. This process has been studied on
a large variety of feedstock applying different torrefaction settings (e.g., temperature, and time) mainly
on lab-scale [8] and most recently also in pilot scale plants [9]. Several technological innovations
were made over the past years to bring the process to commercial scale [10] and techno-economic
assessments assuming European and Northern American conditions were conducted [11,12]. In both
cases, the now more homogenous, brittle and hydrophobic material is compacted to pellets and can be
transported, stored for prolonged periods and delivered as a boiler fuel.
Some experts came to the conclusion that the percentage of biomass for co-firing in power plants
can be as high as 40% when the torrefied biomass is used [13] while others showed that, according
to CFD simulations, coal boilers can handle operation with up to 100% of torrefied biomass without
an obvious decrease of energy efficiency and fluctuation of the boiler load [14]. The direct application
of torrefied biomass pellets in small-scale pellet boilers may not be advisable at this point unless boiler
technology is adapted [15].
For the utilization of torrefied biomass in pulverized coal fired plants it is necessary to assess
its fuel properties (chemical and mechanical) beforehand. For most of the parameters standardized
analysis methods are available. However, the difference in characteristics between torrefied biomass
and coal requires some adaptation of existing methods or even new methods to fully describe their fuels
properties, which would then allow comparison with those of coals. A power plant operator will need
to, e.g., adjust the mills for achieving the right particle size distribution for optimal plant operation.
It is assumed that particle size distribution of the milled material may effect combustion efficiency,
the amount of unburned carbon in the ash and the stability of combustion [16]. The Hardgrove Index
(HGI), developed in the 1930 by Hardgrove [17], was designed to compare grindability of brittle
materials such as black coal. It is commonly used as a simple empirical laboratory procedure for
the characterization of their milling behaviour in large coal mills to produce a pulverized fuel with
the appropriate fineness. The HGI method described in ISO 5074 [18], however, is not suitable for
the characterization of more fibrous material like torrefied biomass and does not consider the actual
milling of pellets.
Several studies have determined the grindability of torrefied biomass by applying one of the
following methods: the modified Hardgrove Index [16], the Grindability Criterion (GC) [19], the Hybrid
Work Index (HWI) [20] and the Impact Grindability Index (PMI) [21]. The HGI was developed for the
testing of black coals, which are commonly milled in ball and roller mills. The PMI was developed for
low rank coals, which are commonly processed in beater or fan mills. The modified HGI, the HWI and
the GC were specifically designed to characterize the grindability of torrefied biomass. A number of
boiler makers and mill suppliers also have scaled down coal mills that are employed for test purposes.
All of the current laboratory grindability tests require the preparation of a pre-crushed feed
material of a specific particle size. In all cases, the test results provide an assessment of the relative
grinding behaviour of the test materials. It may, however, be difficult to extrapolate the data from
a laboratory test to provide quantitative information on the behaviour of torrefied biomass pellets in
an industrial scale mill.
The aim of the work presented here, which was part of the SECTOR-project (funded under the
EU FP7 programme) [9], is to test a grindability method (GM) for torrefied biomass pellets, which
is simple, fast and reliable and based on the grinding of pellets rather than pre-crushed material.
The method will result in a single parameter: the specific grinding energy (SGE), i.e., the energy
consumed when a defined pellet mass (2.5 kg), at a defined mass flow is ground to a particle top size
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of 1 mm. This parameter, or the basic principles behind it, may eventually become useful to pellet
producers and plant operators if grindability is introduced to a standardized product specification of
thermally treated biomass, which is currently being drafted in the relevant ISO TC238 working group
(as ISO/PRF TS 17225-8 [22]).
The results of the GM, when done with different mill types (hammer, cutting and impact mill),
will be compared and their relation to other pellet stability measures such as the modified HGI,
mechanical durability and a hardness test will be discussed. Finally, advantages and disadvantages of
the different mill types as proper equipment for a standardized method are discussed.
2. Materials and Methods
2.1. Torrefied Biomass Pellets
Five different types of wood, one batch of straw and one batch of forest residue were torrefied
at different temperatures and retention time. The raw materials were torrefied at different pilot
plants (capacity <200 kg/h) with slightly different technology: willow and forest residue material was
torrefied in northern Sweden (conveying screw reactor); the pine, poplar, beech and straw material
in Spain (rotating shaft reactor) and the spruce material in the Netherlands (moving bed reactor).
All torrefied material was compressed into pellets on site with the available pelletizing technology
resulting in two different pellet diameters (6 and 8 mm).
Most relevant fuel characteristics (chemical parameters), pellet characteristics (physical-mechanical
parameters) and torrefaction characteristics (temperature and time) were analysed (via one
representative sample of each pellet type) according to standard methods (if available) and are
presented and discussed in Section 3.1. The degree of torrefaction (TFdgr), for which no standardized
method exists yet, was defined here as the reduction in volatile matter content (VM) caused by the
torrefaction process, based on dry matter (DM) values, according to Equation (1):
TFdgr = 100−
(
VMbefore (%DM)
VMafter (%DM)
× 100
)
(1)
The pellet length is an average value of 20 randomly sampled pellets from the bulk as was
required for the method described in Section 2.2.
2.2. Hardness Test
The hardness (also compressive resistance) is defined as the resistance to fracture of the pellets and
is supposed to help characterize the pellets regarding their stability during e.g., storage or handling [23].
The pellet hardness values were measured using a Pellet Hardness Tester with display and PC interface
(Amandus Kahl GmbH, Reinbek, Germany) which was designed for single pellets with Ø = 3–14 mm.
In this test, the pellet rests in a flat position on an anvil and is stressed by a plunger with a flat tip with
a diameter of 5 mm (see Figure S1).
In order to achieve a representative value, the following procedure was applied: At first 20 pellets
were randomly selected and the average length (Lavg) was determined (data shown in Section 3.1).
Based on the Lavg another 20 pellets in the range of Lavg ± 2 mm were selected. These 20 pellets
were the actual pellets being individually placed on the anvil of the Hardness Tester. Each pellet was
exposed to the plunger pressing into the pellets with a speed of 5 mm/min and the increase in force
(given in N) was recorded (with 100 values per second). The actual hardness value is the maximum
value of N, which occurs right before the pellet fractures and a sudden decline in N is observed.
From each set of 20 hardness values the min and max value was removed to smooth the distribution
and an adjusted mean value was calculated (see results in Section 3.2).
2.3. Modified Hardgrove Index
The standard procedure is described in ISO 5074 [18]. A specialized ball mill apparatus (BM) is
calibrated using reference coals with known HGI values. A defined mass of coal (50 g) with a specific
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particle size range (1.18 and 0.6 mm) is then ground and sieved, and the mass fraction of the particles
passing through the 75-µm sieve is determined. From this value the HGI is calculated. The lower the
HGI value the harder and less grindable the material is.
Bridgeman et al. [16] recognized that this method needs to be adapted for biomass because the
volumes of biomass and coals differ significantly receiving the same grinding energy in the mill [24,25]
and results will thus not be comparable. Instead of using a defined mass the modified HGI (mHGI)
requires a defined volume (50 cm3) of the substrate to be ground. Thus, the torrefied biomass pellets
were pre-crushed and sieved according to ISO 5074 and treated following the method laid out by
Bridgeman et al. [16] with an initial calibration of the mill using four standard coals with known HGI
values. Mean values of the duplicates were calculated and are used for further discussion in this study.
2.4. Specific Grinding Energy
2.4.1. Experimental Setup
The experimental set-up to estimate the SGE consisted of the following equipment: (i) mill;
(ii) feeding unit; and (iii) power measuring device.
Three common laboratory mill types for grinding of biomass where chosen each imposing
a different kind of stress on the material (see pictures of the mill interior in Figure S2). In the cutting
mill (CM: Pulverisette 19, FRITSCH GmbH, Idar-Oberstein, Germany), the material is predominantly
cut by the blades, while, in the hammer mill (HM: CHM 230, NETZSCH GmbH, Selb, Germany),
the flexible hammer elements crush the material. The impact mill (IM: Rekord A, Jehmlich GmbH,
Nossen, Germany) has neither cutting elements nor flexible elements, and the grinding is caused by
the specific geometry of a disc (grinding ring) rotating in the chamber. For each mill an outlet sieve
with mesh size Ø = 1 mm is used. For tests with HM and IM a round-hole sieve is used and for the CM
a sieve with trapezoidal meshes is used. All mills are constructed for grinding soft to medium-hard or
fibrous biogenic feedstock. The technical specifications are summarized in Table 1.
Table 1. Technical specification of the mills (as given by the manufacturer) and realized feeding rates
of the metering unit given the specific fuel type.
Technical Specs Impact Mill (IM) Cutting Mill (CM) Hammer Mill (HM)
Throughput kg/h 200 60 50–100
Rotor speed rpm 12000 3000 3600
Engine power kW 7.5 1.5 5.5
Feeder Setting
mean Hz 16.7 16.7 16.2
min Hz 10.0 10.0 13.4
max Hz 21.2 21.2 18.1
In order to feed the pellets at a uniform mass flow into the mill a screw feeder (GLD 87, Gericke AG,
Regensdorf, Switzerland) was used. On average the feeder was operated with 16.2 (HM) and 16.7 Hz
(IM, and CM) realizing a comparable pellet mass flow between the different sets of experiments.
However, due to the difference in bulk density, length and diameter individual feeding rates were
estimated for the different pellet types, which could vary between 10 and 21.2 Hz (see Table 1).
A clamp meter (345 PQ, Fluke Corporation, Everett, WA, USA) was used as the power measuring
device and set to record one value per second.
2.4.2. Procedure
Prior to the actual measurements the following preparatory measures were taken: the fines of the
pellets were screened with a 3.15 mm round-hole sieve (according to EN 15149-1); a 2.5 kg sample (with
moisture as received) was prepared for the measurement; the feeder was adjusted to the previously
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estimated setting; the power measuring device was installed directly at the power supply line of the
mill; and the mill was equipped with 1 mm mesh.
A full recording cycle (see Figure S3) was comprised of: a mill idling period of at least 2 min,
during which the idle power consumption of the mill running empty was recorded; the actual milling
period; and a second idle period of at least 2 min after no more material fell through the sieve.
The ground material was weighed to check on whether grinding was complete. The whole
procedure was repeated at least once for each pellet type.
2.4.3. Calculating the Specific Grinding Energy
The determination of SGE involves the measurement of the idling power before grinding (PI1), the
total active power during milling process (Ptotal), the idling power after the grinding (PI2), the actual
duration of the grinding (tG) and the mass of material that was ground (mG). Preliminary tests showed
that differences between PI1 and PI2 might occur; hence, both values are necessary. In order to make
the measurement comparable across all samples it was decided to define tG as the time when Ptotal
is at a stable plateau. Even though minimal grinding takes place before and after that (grey areas in
Figure S3), it was found to be the simplest and most representative way of reading the Ptotal from the
power curve.
As Ptotal is the sum of the power applied for grinding and the idle power the actual power needed
just for the grinding (PG) is calculated by subtracting the averaged idle powers of PI1 and PI2 (PI)
from Ptotal.
The average idle power PI (in W):
PI =
PI1 + PI2
2
(2)
The power needed for grinding the pellets PG (in W):
PG = Ptotal − PI (3)
By multiplying PG with tG (in h) the grinding energy (EG, in Wh) is calculated:
EG = PG·tG (4)
Finally, SGE (in Wh/kg) is defined as:
SGE =
EG
mG
(5)
2.5. Particle Size Distributions
For the comparison of the three mill types and their grinding performance, the particle size
distributions (PSD) were obtained after sieving the ground material according to DIN EN 15149-2 with
sieve mesh size of 3.15, 2.00, 1.00, 0.71, 0.50, 0.40, 0.25, 0.16, 0.10 and 0.063 mm. The data points used
for the distribution curves refer to the cumulative mass which was observed under the respective mesh
size, e.g., the mass obtained at a particle size value of 0.40 mm are all the particles that fell through the
sieves with mesh size 0.40 mm and under.
A representative particle size value for which 10%, 50% and 90% of the mass are accumulated (x10,
x50, x90) can be calculating from: (i) the upper (Xu) and the lower (Xl) size class value (in mm) between
which the respective particle size value is to be expected, (ii) the mass percentage (%) under each of
the two size class (Qu and Ql) and (iii) the ratio (R) between (Qu − Ql) and (Xu − Xl). The following
equations were used:
R =
Qu −Ql
Xu − Xl (6)
x90 = Xl +
90−Qu
R
(7a)
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x50 = Xl +
50−Qu
R
(7b)
x10 = Xl +
10−Qu
R
(7c)
The difference between x90 and x10 is defined here as the width of the PSD curve and used in
Section 3.4 to discuss the characteristics of the distribution curves. The full dataset, however, can be
found in Table S1 of the Supplementary Materials.
3. Results and Discussion
3.1. General Fuel Charactersitic of the Torrefied Biomass Pellets
The seven different biomass materials all underwent slightly different torrefaction conditions
with a TFtemp range between 260 ◦C and 308 ◦C while the residence time of the biomass in the reactor
varied between 9 and 30 min (see Table 2). In order to compare the relative change of the material
caused by torrefaction, the change in volatile content was chosen as TFdgr, which, in this case, ranged
between 6 and 9% DM. Regarding the HHV, which is increased during torrefaction, values found
by other torrefaction studies were in some cases similar to what was obtained in this study and in
other cases not. Gucho et al. [26] for example found torrefied beech wood both at 260 ◦C and at 280 ◦C
for 30 min and the mean HHV between the two is the same as the value obtained here for 30 min
at 270 ◦C. Phanphanich and Mani [27] on the other hand torrefied pine chips at 300 ◦C for 30 min
and obtained a HHV of 25.4 MJ/kg, much higher than the 21.9 MJ/kg observed here. However, both
studies torrefied on lab scale in batch reactors and it is known from studies on biomass pyrolysis
that particles size and sample size, let alone the reactor type, will have an impact on the product [28].
Reports on increasing HHV with increasing intensity of torrefaction when using pilot scale plants are
available and support the findings here [29,30].
Table 2. Torrefaction conditions, fuel characteristics after torrefaction and pellet characteristics of the
seven torrefied raw-materials.
Parameter Unit Method (ISO)
Biomass type
Forest Residues Willow Pine Poplar Spruce Beech Straw
Torrefaction conditions - - - - - - -
TFtemp ◦C - 308 308 300 280 260 270 270
TFtime min - 9 9 30 30 - * 30 30
TFdgr % DM - 9 6 8 8 6 6 7
Fuel characteristics - - - - - - -
HHV MJ/kgDM 18125 23.3 21.2 21.9 21.4 21.5 20.2 20.4
Ash % DM 18122 3.1 2.2 0.6 1.5 0.3 1.4 4.5
Volatiles % DM 18123 67.9 74.1 77.1 76.7 78.6 79.3 72.6
C % DM 16948 53.6 51.7 52.6 51.1 50.7 49.4 49.0
H % DM 16948 6.5 6.6 6.4 6.4 5.9 6.3 6.8
N % DM 16948 0.6 0.3 0.1 0.1 0.1 0.2 0.6
S % DM 16994 0.036 0.021 0.009 0.011 0.004 0.011 0.075
Cl % DM 16994 0.005 0.001 0.001 0.005 0.002 0.003 0.050
Pellet characteristics - - - - - - -
Water % FM 18134-1 5.1 10.5 6.7 6.9 2.2 7.3 10.4
Bulk density kg/m3 17828 679 592 631 610 694 634 727
Mech. durability % 17831-1 89.3 87.7 90.3 94.5 97.6 95.7 97.9
Ø mm - 8 8 6 6 8 6 6
Average length mm - 10.2 8.0 13.0 17.0 10.0 21.0 22.5
* not recorded.
Specific requirements for chemical and physical-mechanical characteristic of the pellets made
from thermally treated are currently finalized in a technical specification (TS) on international level
as ISO/PRF TS 17225-8 [22]. Once finalized, ISO/PRF TS 17225-8 will have an outline much like the
ISO 17225-2 [31] for pellets made from wood or ISO 17225-6 [32] for pellets made from non-woody
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biomass. However, as the market of thermally treated biomass is still developing a TS will serve
as a placeholder until a full standard can be agreed upon. The main categorization in this TS is
between woody biomass of energy content (HHV) below or above 21 MJ/kg DM. Again, there is
a differentiation in woody and non-woody biomass and three respective quality classes, however,
for non-woody biomass, the 21 MJ/kg DM threshold does not exist. In order to produce a fuel that is
above or below 21 MJ/kg DM, the torrefaction plant operators will have to decide how they run their
reactor accordingly. In case of this study, which took place before the conception of this TS, almost all
woody fuels are above 21 MJ/kg DM (except for the beech pellets) which is why the requirements for
bulk density, durability, moisture and ash will be discussed based on the thresholds that apply to that
category. None of the here investigated woody biomass pellets could meet the criteria for the highest
quality class. Even the second highest class, which requires bulk density to be >650 kg/m3, durability
to be >96%, moisture to be <8% water content, and ash to be <3%, could only be met by spruce pellets
(see Table 2). However, bulk density, durability, and moisture of the pellets are all parameters that
are a result of pelletizing process while the HHV is a result of the torrefaction process. Creating
standardized high quality fuel pellet will only be a problem when ash content of the input material is
already high as it will only be increased during torrefaction. The straw pellets produced here were
able to meet many of the requirements for the highest quality class of pellets made from thermally
treated non-woody biomass such as bulk density (>600 kg/m3), durability (>97.5%, see optimization of
durability in [9]) and ash content (<5%). However, the S content was posing a problem as it was above
the threshold of 0.05% for the highest quality class. In addition, the moisture was slightly above the
threshold of 10%, which is no major challenge and can be adjusted either during pelletizing or through
subsequent drying. The S content, however, is much like the ash content a parameter that needs to
be controlled in the raw material as the torrefaction will not help reduce it. In general, a non-woody
biomass pellet to fall into the thermally treated biomass standard not only needs to be thermally
treated but should also have a minimum HHV of 18 MJ/kg DM for the highest quality class.
3.2. Hardness and Modefied Hardgrove Index of the Torrefied Biomass Pellets
Beyond the standard characteristics, which are prescribed in the respective ISO standards,
the quality of the pellets may also be described by other relevant properties e.g., resistance to fracture
or grindability. In this study, hardness was chosen as a parameter that may bridge the gap between the
information obtained from the mechanical durability test (ISO 17831-1) to the actual grindability using
a laboratory mill. In addition, the hardness test may also help understand the unintended grinding
which happens when pellets are being fed, e.g., using a screw feeder. This, however, was not focus of
this study.
The average hardness of the different pellets types was very different with 96 N for forest residue
pellets and 496 N for spruce pellets (Table 3). This variation is partly reflected by the differences in
torrefaction conditions with forest residue being exposed to the highest and spruce being exposed to the
lowest TFtemp. This may be explained by the removal of hydrogen bonding sites, depolymerisation and
the destruction of the fibrous structure (less interlocking bonds) with increased degree of torrefaction.
The high standard deviation, which is observed when recording the pellet hardness across 20 pellets,
as proposed here, may reflect the inhomogeneity of the torrefied material leading to different structural
bonds in the pellets. In order to produce torrefied pellets with high durability and a respective
hardness, application of steam and water prior to densification may be crucial to help plasticize the
material and reduce the softening temperature of the remaining lignin [9].
In literature only one study could be found reporting the hardness of torrefied biomass pellets
measured via the Kahl Hardness Tester [30], while Li et al. [33] compared the Meyer hardness of
torrefied wood pellets which in addition to the force also includes the indentation depth and the
surface area the force is applied to. Li et al. [33] found that the higher the severity of the torrefaction
the lower the hardness of the pellets was. This is in line with the findings of this study.
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Table 3. Mean values of the modified Hardgrove index and hardness of the torrefied biomass pellets as
well as further statistical information on how the mean values were obtained.
Parameter
Biomass Type
Forest Residues Willow Pine Poplar Spruce Beech Straw
mHGI - - - - - - -
Mean 55 34 36 28 25 21 55
1st run 56 34 36 27 25 22 56
2nd run 54 34 36 28 26 20 54
Hardness (N) - - - - - - -
Adjusted
Mean (n = 18) 96 103 125 206 496 275 273
sd 37 22 31 59 79 52 48
min 52 65 94 101 329 197 211
max 189 140 212 299 642 351 371
Original Mean (n = 20) 98 105 128 205 486 272 273
Regarding a comparison with standardized Hardgrove coals by applying the modified HGI
method, forest residue and straw had the highest value (HGI = 55) which reflects a low energy input,
better grindability and potentially a higher throughput while spruce and beech had the lowest HGI
values (HGI = 25 and 21 respectively) being not so favourable for grinding. Similar to the method
used here with 50 cm3 samples, Shang et al. [34] investigated the HGI of torrefied wheat straw at
different TFtemp with a residence time much higher (2 h) than any of the TFtime used here. The HGI
of the pellets made from straw torrefied at 270 ◦C for 30 min analysed here (HGI = 55) is therefore
slightly below the value observed by Shang et al. [34] for straw torrefied at 250 ◦C for 2 h (HGI ≈ 60).
Bridgeman et al. [16] measured the modified HGI of torrefied willow and found values between 24 and
51 mainly depending on the difference in TFtime (10 vs. 60 min) while the TFtemp was in both cases at
290 ◦C. The pellets from torrefied willow analysed here had a HGI of 34 which is between the two
HGIs measured by Bridgeman et al. [16] probably due to a higher TFtemp (308 ◦C) at similar TFtime
(9 min). Interestingly, the results obtained by Bridgeman et al. [16] and Shang et al. [34] compare well
to the results obtained here even though the torrefaction in these two studies was done in lab-scale
reactors as compared to the pilot-scale torrefaction which might affect homogeneity of the product.
No evident correlation could be observed between mHGI and the hardness. This is to be expected
as the hardness test gives an information on the resistance of the pellet to fracture while the mHGI
is measured on the pre-ground pellet (<1.18 mm) and therefore reflects the characteristics of those
particles. The hardness test is more similar to the durability test which is supported by a correlation
between the two parameters of R2 = 0.72. Durability and HGI values are also not correlated.
3.3. Performance of the Mills and Specific Grinding Energy
The range in time required to grind 2.5 kg of pellets using a 1 mm sieve varied between the
different mills (Figure 1a). The smallest variation was observed for pellets ground with the IM
(2.3–2.7 min) while for the CM the range was between 2.1 and 4.4 min. The type of pellet requiring
the longest (tmax) or shortest time (tmin) to be ground was never the same between the mills (IM:
tmax = poplar, tmin = beech; CM: tmax = straw, tmin = willow; HM: tmax = forest residue, tmin = pine)
highlighting that different grinding forces are at work. For IM and HM, the grinding time was
independent of mHGI, hardness or durability of the pellets (all R2 < 0.01). However, the grinding
time in the CM was showing signs of dependency on hardness (R2 = 0.50) and a strong correlation
(R2 = 0.79) with durability. The fact that IM takes the least time for crushing the pellets below 1 mm is
largely due to its capacity. As by construction the impact mill is designed for the highest throughput
and operating at higher rotor speed than the other two mills. Given the procedure chosen in this study
(2.5 kg input material) the IM was not operating at full capacity.
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Figure 1. Boxplot for each mill type showing: (a) The pellet specific grinding time (tG); (b) The pellets 
specific throughput. Boxplot shows min and max values (error bars) as well as the 1st and 3rd quartile 
and the median.   
How the different torrefied biomass pellets resulted in different SGEs can be seen in Figure 2. 
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from the IM. More interesting, however, is the way the different mills performed with the respective 
pellets. The commonality between all three mills was that forest residue pellets required the least and 
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spruce and beech (except for the CM) required above average SGE. This pattern is in line with several 
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Figure  2.  Specific  grinding  energy  obtained  by  applying  the  evolved  grindability method  to  the 
respective  torrefied biomass pellets using  three different mill  types:  impact mill  (IM), cutting mill 
(CM) and hammer mill (HM). 
Current literature does not allow a good classification of the results obtained here as in other 
studies other parameters were the centre of focus when reporting grinding energy. However, a closer 
Figure 1. Boxplot for each mill type showing: (a) The pellet specific grinding time (tG); (b) The pellets
specific throughput. Boxplot shows min and max values (error bars) as well as the 1st and 3rd quartile
and the median.
Regarding the throughput of the mills (Figure 1b), which by definition is dependent on the
grinding time, smallest variation was observed for IM and HM while CM had a wide range
(34.1–71.3 kg/h). Since low grinding time leads to a high throughput, the pattern of pellet specific
throughput per mill is the reverse pattern of pellet specific grinding time mentioned above.
How the different torrefied biomass pellets resulted in different SGEs can be seen in Figure 2.
The mean SGE observed for CM and HM were about the same at 5.15–5.24 Wh/kg while the mean
SGE of the IM was substantially higher with 8.23 Wh/kg. Again, this reflects the similar technical
specifications of both CM and HM in terms of throughput and rotor speed, which is much different
from the IM. More interesting, however, is the way the different mills performed with the respective
pellets. The commonality between all three mills was that forest residue pellets required the least
and straw the most energy for grinding. In addition, all three mills were able to grind forest residue,
willow and pine well below the average SGE consumption while in addition to straw poplar and
spruce and beech (except for the CM) required above average SGE. This pattern is in line with several
physical-mechanical characteristics of the pellets. Forest residue, willow and pine have much lower
hardness (96–125 N) and durability (87.7%–90.3%) and higher TFTEMP (300–308 ◦C) than the other
pellet types (hardness: 206–496 N; durability: 94.5%–97.9%; TFTEMP: 260–280 ◦C).
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Figure 2. Specific grinding energy obtained by applying the evolved grindability method to the
respective torrefied biomass pellets using three different mill types: impact mill (IM), cutting mill (CM)
and hammer mill (HM).
Curren liter tur does no allow a go d classification of the results obtained here as in other
studies other parameters were the centre of focus when reporting grinding energy. However, a closer
look at other studies recording grinding energy may still give further insights into the results obtained
Energies 2016, 9, 794 10 of 15
here. Phanphanich and Mani [27], for example, showed a dramatic decrease in grinding energy
between untreated wood chips (237 Wh/kg; at water content of 7%) and torrefied wood chips (as low
as 23 Wh/kg) using a laboratory cutting mill (1.5 kW, mesh size 1.5 mm) and found a strong linear
correlation with torrefaction temperature. Temmerman et al. found similar values for grinding
energy of wood chips (162 Wh/kg, at water content of 5%–10%) as Phanphanich and Mani [27] using
a laboratory hammer mill (1.1 kW, mesh size 2 mm), while regular wood pellets consumed energies
much closer to the ones measured here for torrefied wood pellets (on average 11.4 Wh/kg; water
content of 5%–10%). This may be explained by the fact that grinding pellets often is a disintegration
of the pellets back into the particles they were made of. Hence, the difference in grinding energy
between pellets from untreated material and torrefied material will be much smaller than between,
e.g., wood chips and pellets. However, whether the grindability of untreated and torrefied material or
non-torrefied and torrefied pellets are compared, increasing the degree of torrefaction should result in
lower SGE. Shang et al. [35] reported an exponential decrease of the grinding energy for pine pellets
exposed to increasingly higher torrefaction temperatures when using a coffee grinder as laboratory
mill (0.55 kW; similar grinding forces as the IM). However, a comparison between the grindability of
torrefied pellets and pellets from torrefied material may only partly apply (see discussion on bonding
mechanisms during densification in Section 3.2).
The fact that pellets from torrefied material require a much lower grinding energy is one of the
economic advantages of torrefaction as it will save energy during the final grinding for injecting
the biomass powder into the boiler. However, the possible difference that may occur between
different laboratory mill types, as shown here, may only partly be relevant for power plant operators
since existing technology may not be replaced for new technology due to high investment costs.
However, the results shown here could help identify the most appropriate mill type for a standardized
methodology to assess grindability of regular and thermally-treated biomass pellets. The SGEs
observed in the IM, for example, are much more distinct for the different pellet types than the values
observed with the HM where poplar, spruce, beech and straw only differ minimally.
3.4. Particle Size Distributions after Grinding
In addition to the SGE, the cumulative PSD curves (Figure 3) were compared to assess the impact
of the mills on the material and to check whether a particular mill type might prove more suitable for
use in a standardized methodology in relation to, e.g., co-combustion requirements.
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As can be seen in Figure 3, each mill yields a uniquely shaped distribution curve, which is similar 
for all materials ground with that mill. In the current literature, a comparison of PSD curves between 
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Figure 3. Cumulative particle size distribution obtained when using: (a) Impact mill; (b) Cutting mill;
and (c) Hammer mill on each of the torrefied biomass pellets.
As can be seen in Figure 3, each mill yields a uniquely shaped distribution curve, which is similar
for all materials ground with that mill. In the current literature, a comparison of PSD curves between
different lab-size mills and their performance with torrefied pellets is missing. Some studies, however,
may be helpful to further underst nd the results shown here. Pha phanich and Mani [27], for xample,
produced cumulative PSDs of two materials (pine chips and logging residue) with different degrees of
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torrefaction which were ground in a lab-size cutting mill. The resultant PSD curve showed a linear
increase—much like the one in this study for the untreated materials (Figure 3b)—where it can be
seen that as the severity of the torrefaction increased the incline of the curve was more pronounced at
<0.25 mm before it started declining (at >0.25 mm). However, it is difficult comparing the grindability
of wood chips with the grindability of pellets. Thrän et al. [9] showed that pellets from torrefied
spruce were mostly disintegrated back to the particle sizes before densification. The disintegration
of non-densified material is of course very different and may depend even more on the mill type.
However, when looking at the three different mill types and their respective PSD curves it becomes
clear that the pellets were not just disintegrated but fractioned differently. Especially the PSD curves
of the IM (Figure 3a) had a unique characteristic with a slow incline up until 0.2 mm followed by
a strong incline between 0.2 and 0.5 mm and phasing out thereafter. For both CM and HM the incline
is steady up until 0.7 mm before the curves phase out (with the exception of forest residue in the HM).
Bridgman et al. [16] showed cumulative PSD curves for two energy crops (willow and miscanthus)
which where torrefied and ground in a roller-ball mill designed for the HGI test and they had very
different characteristics than the curves of the three mills used here. Interestingly, in their study,
all degrees of torrefaction of miscanthus resulted in curves similar to the ones from the HGI coals
while the raw material yielded an entirely different curve. However, in the case of willow, only the
PSD curve of the most severely torrefied sample showed the same pattern as all the standard coal
curves. Despite the differences in mills, the PSD curves obtained by their study do not compare well
with the result obtained here as they show the grindability of pre-ground material (as required by the
HGI procedure) while here whole pellets were used. Only during the investigation of the mHGI of
the seven pellet (when using a ball mill after pre-grinding the pellets) their findings (PSD curve of
torrefied willow) could be confirmed (see Figure S4).
Regarding the grinding performance and suitability of the PSD for co-combustion application
Thrän et al. [9] investigated the co-milling of torrefied pellets with coal in a bowl mill (400 kg/h at
medium load, vertical rollers) at different mixture rates. When the share of torrefied pellets in the
mixture was high (58.5%) 90% of the ground material had a particle size below 0.6 mm while at a lower
share of torrefied pellets (32%) the main particle size fraction dropped below 0.2 mm. In comparison to
the mills used here, only the IM can achieve similar results with most of the seven feedstocks resulting
in 90% of the ground mass to be below 0.6 mm.
To assess the suitability of the mills to test grindability in a standardized way for an application
in co-combustion process the distribution widths of the PSD curves were compared. The average
distribution width (Figure 4) across all input materials was narrowest for the IM (0.41 mm), followed by
the HM (0.51 mm) and the CM (0.62 mm). However, the IM had the largest variation in feedstock-based
distribution width ranging from 0.33 mm all the way to 0.52 mm. Both HM (0.41–0.56 mm) and CM
(0.57–0.69 mm) had more even distribution widths across the different feedstock. Looking back at
the distribution curves again (Figure 3), it becomes obvious that the variation in the curves from the
IM happened in the particle range of >0.3 mm, while the variation observed in the other two mills
was more or less consistent along the particle size scale. The distribution curves of HM, on the other
hand, had one strong outlier (forest residue) compared to the other mills. However, in all mills the
distribution width was below average when grinding forest residue material, which is also in line with
the low SGE required to grind this type of pellet in all mills. Along the same line, straw resulted in the
largest distribution width in all mills (curve for straw in HM is missing from the data) as suggested by
the SGE. However, a modest linear correlation of the SGEs and the respective distribution width could
be observed for the CM (R2 = 0.65) and the IM (R2 = 0.47) while the HM had only weak correlations
(R2 = 0.27). Thus, for CM and IM it can be concluded that pellets from torrefied material, which
generally require lower SGEs, also will be ground with narrower distribution widths. The fact that
the IM not only has the narrowest distribution width but also the lowest values for x90 (0.53 mm,
average across all seven pellet types; see Table S1) makes it a more ideal lab-mill for producing particles
favourable in co-combustion settings.
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3.5. Specific Grinding Energy versus Other Methods
To assess whether the SGE is a parameter that can stand alone or is better complemented with
another parameter the SGE values were correlated to the three relevant grindability parameters
analysed here. The SGE was found to be in a positive linear relation with the durability of the pellets
and the pellet hardness (Table 4). However, only the correlation with the durability is of strong enough
significance (R2 = 0.86 for both IM and HM) that one could argue that SGE is partly reproducing
that information. All correlations of SGE with the modified HGI were weaker (R2 ≤ 0.77) than the
correlation between durability and SGE. The correlations between mHGI and SGE were all negative,
as a lower value mHGI will imply higher energy requirement for grinding. The correlations of SGE
with hardness were all of insignificant strength.
Table 4. Correlation coefficient (R2) and equation for predicting specific grinding energy (SGE) with
either modified Hardgrove Index (mHGI), hardness or durability (DU) depending on the mill type.
Mill type
SGE (Wh/kg)
x = mHGI R2 x = Hardness (N) R2 x ( ) R2
Cutting mill −0.16x + 10.13 0.58 0.01x + 2.46 0.50 0.51x − 42.58 0.79
Impact mill −0.19x + 14.24 0.70 0.01x + 5.58 0.40 0.59x − 46.80 0.86
Hammer mill −0.15x + 9.84 0.77 0.01x + 2.99 0.54 0.43x − 34.86 0.86
Looking at the close correlation between SGE and durability it might be advisable to combine
SGE values with a PSD parameter such as the distribution width to help detangle it from durability
and give a unique insight into the co-combustion characteristics of the torrefied biomass pellets.
3.6. Adjustments of the Grindablity Method for Reliable Performance
For a standardized method, it is essential for the equipment used to perform reliably and
a procedure that ensures high repeatability and reproducibility of the results obtained. For the
proposed GM and the values it will yield, it is necessary to not only define the type of mill but also to
adjust some parameters, e.g., the feeding rate. This will require a round robin test of the methodology
across different laboratories all using the same equipment.
In terms of choosing the right mill technology for a standardized method, the transferability of
the results to plant operator scenarios is the main focus. As plant operators will try to use their existing
equipment (in most cases ball, roller or impact mills) and adapt it to the new biomass, a CM seems to
be an unlikely choice. Another disadvantageous feature of a CM, also in terms of repeatability and
reproducibility of laboratory results, are the knives, which tend to become dull and thereby bias the
results (e.g., the sharpness of the knives used here could not be quantified). A HM on the other hand
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may pose the challenge of proper adjustment of the hammers so that results will be repeatable and
reproducible, which, however, is less of a challenge than what the CM poses. IM seem to be the easiest
to handle and adjust and yielded the most promising PSD curves and distinct SGE values amongst the
three mills. Results from a mill like Thrän et al. [9] used in there study may be even more valuable to
plant operators yet it is not applicable for a lab standard given its capacity (double that of the IM) and
respective investment cost. As the IM used here is still relatively large for lab application, it might be
advisable to also do an investigation on the performance of a small-scale disc-grinding system as was
used by Shang et al [35].
4. Conclusions
The proposed method for assessing the specific grinding energy of torrefied biomass pellets is
a promising tool that could allow further characterization of torrefied pellets beyond the existing
physical-mechanical and chemical parameters already being measured. The method itself is simple
enough to be conducted by specialized laboratories and pellet producers alike without great investment
cost or training. Even though the impact mill seems to have the most promising features and results,
further investigations could be necessary to decide whether the results obtained by this mill type
represent the characteristics most relevant to plant operators. To increase the impact of the newly
introduced parameter (SGE), it would also be necessary for plant operators to acquire first-hand
experience on how the specific grinding energy values translate into adjustment of their mills on-site.
Therefore, if the specific grinding energy is to be used as a quality parameter, it might also be useful
to complement the single value information with either a particle size distribution curve or the
distribution width as part of the characterization.
Supplementary Materials: The following are available online at www.mdpi.com/1996-1073/9/10/794/s1.
Figure S1: Picture of the anvil and plunger used during the hardness test, Figure S2: View of the grinding
chamber of each of the three mills used, Figure S3: Typical power curve when recoding the power consumption
during grinding, Figure S4: Cumulative particle size distribution obtained when using a ball mill on three selected
torrefied biomass pellets and four standardized HGI coals, Table S1: Characteristic values of the particle size
distributions obtained by the different mills for the different biomass types.
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Abbreviations
BM ball mill
CM cutting mill
DU durability
GM grinding method
HGI hardgrove index
HHV higher heating value
HM hammer mill
IM impact mill
PSD particle size distribution
SGE specific grinding energy
TFtemp temperature during torrefaction
TFtime duration of torrefaction
TFdgr degree of torrefaction
TS technical specification (ISO terminology)
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